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Ta/CoFeB/MgO trilayers with perpendicular magnetic anisotropy are expected to play a key role
in the next generation of current and electric field switched memory and logic devices. In this study
we combine scanning Kerr microscopy with electrical transport measurements to gain insight into the
underlying mechanisms of current induced switching within such devices. We find switching to be a
stochastic, domain wall driven process, the speed of which is strongly dependent on the switching
current. Kerr imaging shows domain nucleation at one edge of the device which modelling reveals is
likely assisted by the out-of-plane component of the Oersted field. Further domain growth, leading to
magnetisation reversal, may still be dominated by spin torques.
I. INTRODUCTION
The ever growing demand for higher den-
sity storage and faster processing speeds has
led to great advances in the field of data stor-
age in the last few decades1. The discovery
of tunnelling magnetoresistance (TMR) has
made the magnetic tunnel junction (MTJ) one
of the leading candidates for next generation
high density magnetic random access mem-
ory (MRAM).
Traditional MTJ memory requires an exter-
nal magnetic field, generated by a current, to
induce switching during the read/write pro-
cedure. Recently there has been great interest
in switching the memory bit directly by us-
ing spin transfer torques (STT) generated by
charge currents. Conventional STT switch-
ing requires current to be injected directly
through a tunnel barrier but recent studies
have utilised the torques generated by spin
Hall and Rashba effects to switch elements
with an in plane current. To date these phe-
nomena have been investigated mostly in lay-
ered structures containing HM/FM/Ox sub-
units in which the ferromagnetic (FM) layer
is sandwiched between a heavy metal (HM)
and an oxide (Ox). Spin-transfer torque mag-
netic random-access memory (STT-MRAM),
has been explored as a viable option to replace
dynamic random access memory (DRAM)
and may provide performance comparable to
DRAM main memory with an average 60% re-
duction in main memory energy2. With main
memory energy now accounting for as much
as 30% of overall system power3,4 STT-MRAM
has the potential to significantly reduce the
operational cost of computing systems.
It has been demonstrated that the
Ta/CoFeB/MgO sub-unit could fulfil the
three criteria required for high performance
MTJs for STT-MRAM, namely high tunnelling
magnetoresistance (TMR), low switching cur-
rent, and high thermal stability for small de-
vice dimensions. With TMR ratios of 120%
in Ta/MgO/CoFeB/MgO/CoFeB/Ta5 stacks
and 162% in similar stacks with Mo layers6,
along with switching currents of 3− 6× 106
A/cm2 for similar devices7,8, and good ther-
mal stability for devices with 40 nm diameter5,
Ta/CoFeB/MgO is indeed a viable candidate
for next generation STT-MRAM.
A deeper understanding of the underlying
switching mechanisms is critical for effective
device fabrication and has recently been the
subject of much debate. Kim et al9 report a
strong HM and FM thickness dependence of
both the Rashba spin orbit field and the spin
Hall torques. Torrejon et al10 also report a
strong thickness dependence of their relative
contributions to the switching, with spin Hall
torque dominating for thicker HM underlay-
ers. The relative contributions made by these
effects are also influenced by capping layer
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2thickness11 and temperature7. In this study
we combine scanning Kerr imaging with elec-
trical transport measurements to gain further
insight into the switching process.
II. EXPERIMENTAL
A. Fabrication Details
We focus only on CoFeB with the composi-
tion Co40Fe40B20 in which perpendicular mag-
netic anisotropy (PMA) was been achieved
through thermal annealing. Stacks of Ta(4
nm)/CoFeB(1 nm)/MgO(1.6 nm)/Ta(1 nm)
were sequentially deposited on thermally oxi-
dised Si wafers in a high vacuum magnetron
sputtering system. Further details of this pro-
cess can be found in ref. 12. The 1 nm Ta
layer was used as a capping layer to prevent
atmospheric oxidisation.
The stacks were patterned into Hall bars (20
x 140 µm2) (Fig.1.(d)) using photolithography.
After stack deposition a second round of pho-
tolithography and a Au deposition was used
to define contact pads. Au contacts were not
critical for switching but allow wire-bonding
to facilitate electrical measurements.
The sample was then annealed in vacuum
(1 x 10-6 Torr) at 220 ◦C for 1 hour with 2
hours of ramping up and 6 hours of natural
cooling under a magnetic field of 0.45 T per-
pendicular to the plane of the sample. It was
shown by several groups12–14 that the 220 ◦C
annealing temperature is critical for the for-
mation of robust PMA. As-prepared samples
do not support PMA as they have sharp, but
disordered, interfaces while at high annealing
temperatures (>220 ◦C) diffusion within the
interfacial region is detrimental to the PMA.
B. Measurement Details
For magnetotransport measurements wire-
bonding was used to connect the Hall bar to
two 50 Ω coplanar waveguides (CPWs). A
current was applied along the direction par-
allel to the long edge of the Hall bar (zˆ) and
the Hall resistance was measured across the
contacts perpendicular to the current (xˆ) as
shown in Fig.1.(d). In this way the magneti-
zation between the contact pads was probed
via the anomalous Hall effect (AHE). The Hall
bar and CPWs were placed in a scanning Kerr
microscope so that the magnetisation within
a sub-micron region could be probed via the
magneto-optical Kerr effect (MOKE), simul-
taneously with the Hall resistance measure-
ments. The MOKE measurement was per-
formed by focusing the beam from a 633 nm
He-Ne laser onto the sample surface with a
40X objective lens, and recording the optical
rotation of the back-reflected beam using a
simple optical bridge detector. In each experi-
ment a large in plane field was used to set the
initial perpendicular magnetisation direction.
The direction of the magnetisation was repro-
ducible due to a slight (< 1 deg) tilt of the
applied field relative to the plane of the Hall
bar. The field was then reduced to remanence
(≈ 7 Oe) along the direction of current flow,
as shown in Fig.1.(c). All measurements were
performed at room temperature.
III. RESULTS AND DISCUSSION
Using an out-of-plane (yˆ) field the satura-
tion Kerr rotation (Fig.1.(a)) and Hall resis-
tance (Fig.1.(b)) were found for each of the
bistable out-of-plane magnetisation M states.
These results were used to confirm full magne-
tization reversal had occurred in subsequent
current induced switching experiments. The
devices showed a particularly low (≈ 10 Oe)
perpendicular coercive field. The Hall resis-
tance for the in-plane field used to set the
initial M state is shown in Fig.1.(c).
A. Time resolved - time-dependent current
In the magnetotransport measurements
shown in Fig.2.(a) the initial magnetisation
state (M−) was measured with a small D.C.
current Itest = 0.10 mA and was found to
correspond to a Hall resistance of −1.25 Ω.
The magnetization was switched towards the
opposite bistable state (M+), which corre-
sponds to a Hall resistance of 3.25 Ω, by
3Figure 1. Kerr Rotation (a) measured mid-way
between the contact pads as shown in (d), and
Hall resistance (b) between the contact pads during
sweeping of an out-of-plane (yˆ) magnetic field. (c)
shows the Hall resistance measured during sweep-
ing of an in-plane magnetic field applied along the
direction of the current (zˆ).
current pulses Ip = 2.00 − 10.00 mA with
a duration of 3.0 s. Itest was then applied
once more to measure the final magnetisation
state. Throughout this process the Kerr rota-
tion (Fig.2.(b)) was continuously monitored at
a position mid-way between the Hall contacts
shown in Fig.1.(d).
For Ip > 6.00 mA, switching occurred
on a timescale < 1 µs, faster than the res-
olution of the measurement technique. By
reducing the pulsed current to the range
Ip = 2.25 − 5.00 mA switching occurs con-
siderably more slowly allowing the change in
Hall resistance to be easily observed within
the 3 s pulse duration. Due to the strong
PMA, an intermediate Hall resistance value
corresponds to a domain state in which the
magnetisation points either in to or out of
the plane. The intermediate Hall resistance
is effectively equivalent to a line integral of
all M states between the contact pads. This
is confirmed by the Kerr rotation shown in
Fig.2.(b) where the local M switches instanta-
neously between the two states. Switching in
Fig.2.(b) coincides with large steps in the Hall
resistance, which are most clear for currents
in the range Ip = 2.50− 4.00 mA. This implies
that a large area (length equal to a few µm)
switches simultaneously. Whether the switch-
ing is due to a single domain or a collection
of smaller domains is difficult to determine as
Figure 2. Hall resistance (a) between the contact
pads shown in Fig.1.(d) as the device undergoes
magnetization switching induced by current pulses
of 3s duration with amplitude Ip = 2.00-10.00 mA,
triggered at t = 1 s (darker background on graph).
Hall resistance is measured using a current of 0.1
mA both before (t = 0.0-1.0 s) and after (t = 4.0-5.0
s) application of the pulse. (b) shows the simulta-
neous measurements of the Kerr rotation within
a sub micron region mid-way between the Hall
contacts, also shown in Fig.1.(d).
for Ip = 2.50 and 2.75 mA a small step before
full switching can be seen in the Kerr rotation
(Fig.2.(b)). This must be due to either the full
switching of a small domain, less than the size
of the laser spot, or else the laser has been po-
sitioned on a domain wall at the upper edge
of a larger domain. For the highest currents
(seen for Ip = 10.00 mA in Fig.2.(a)), the final
Hall resistance is slightly larger than that ob-
served for lower currents. This is likely due to
the magnetization of the contact pad regions
being more strongly pinned and requiring
higher currents to switch than the body of the
device. For higher currents (again seen clearly
for Ip = 10.00 mA) the Hall resistance shows
full switching occurs within the first µs but
the final Hall resistance measured with Itest is
larger than the Hall resistance measured dur-
ing the pulse. This behaviour may be due to
4the perpendicular component of the Oersted
field (in the yˆ direction) opposing reversal on
one edge of the device during Ip. This field
will be significantly lower during Itest, when
full reversal finally occurs. The role of the
Oersted field will be discussed further in the
final section of this paper. For the lowest cur-
rents < 2.25 mA no switching occurs, which
allows us to calculate the critical switching
current Ic for this device. The switching pro-
cess is stochastic in nature as shown in Fig.3
so an average of repeated measurements gave
Ic ≈ 2.6 mA. Many comparable studies at-
tribute switching purely to the giant spin Hall
effect and so calculate critical current densities
from only the current in the Ta layer. Based
on typical resistivities of ρCoFeB = 100 µΩcm
and ρTa = 200µΩcm12, 23 of the current flows
in the Ta layer. This gives Ic = 1.73 mA and
a critical current density of 2.17× 106 A/cm2.
In stochastic systems critical parameter val-
ues depend upon both temperature and the
characteristic measurement time however it is
still worthwhile to compare this critical cur-
rent density to similar studies7,8 which report
critical densities of 3− 6× 106 A/cm2. The
critical switching current for this PMA device
is comparable to those reported for the better
established in plane MTJs15 and giant magne-
toresistance (GMR) spin-valve sensors16. Our
experiment not only demonstrates the strong
dependence of the switching speed on Ip but
also highlights the need for careful considera-
tion of current sweep rates when extracting Ic.
Close to Ic partial switching can occur, which
may artificially lower Ic values extracted from
swept current experiments in which M is not
reset between incremental increased of the
current values.
B. Time resolved - constant current
During the experiments in which Ip was
varied, the Hall resistance trace and the time
of switching observed in the Kerr signal were
not always the same for repeated switching
measurements made with identical Ip. Fig.3
highlights the stochastic nature of this pro-
cess showing 5 switching processes under
nominally identical conditions for Ip = 2.75
mA. The parameters for this experiment were
identical to those discussed for Fig.2 but the
pulse length was increased to 5.0 s so that
full switching could be obtained within the
duration of the pulse at a lower Ip value.
Figure 3. Hall resistance (a) between the contact
pads shown in Fig.1.(d) as the device undergoes
5 switching events under identical conditions in-
duced by 5.0 s duration current pulses, with am-
plitude Ip = 2.75 mA, triggered at t = 1.0 s (darker
background on graph). The Hall resistance is mea-
sured before (t = 0.0− 1.0 s) and after (t = 6.0− 7.0
s) the pulse using a current of 0.1 mA. (b) shows
the simultaneous measurement of the Kerr rotation
within a sub micron region mid-way between the
Hall contacts, also shown Fig.1.(d).
In the transport measurements shown in
Fig.3.(a) the Hall resistance is similar in each
event for the first 1.0 s of the pulse. The Hall
resistance then diverges between 2.0− 4.5 s
before reaching the same saturation state in
the final 4.5− 6.0 s. The divergence coincides
with a large step in the Hall resistance which
occurs at the same time as the large change
in Kerr rotation seen in Fig.3.(b). As the Kerr
rotation probes only the center of the device
(Fig.1.(d)), it can be inferred that for the first
1.0 s of the pulse, domains at the edges of the
Hall bar switch more easily than the magneti-
sation at its center, and that switching follows
a similar ’path’ in each event (reasons for this
5are to be discussed and shown in Fig.5). The
switching of the central region, observed as
a large step in Hall resistance and change in
Kerr rotation, occurs later in the pulse and
appears more random than the switching of
the edge of the device.
C. Static imaging during current induced
switching
For further insight into the domain config-
uration during switching, scanning MOKE
images were acquired for a series of stable
(on the timescale of the imaging experiment)
domain configurations during the switching
process. Fig.4.(a) shows the Hall resistance
values at which the images (b) to (h) were
taken. It was not feasible to image a single
switching event as the ’mid’ states (with M
close to 50/50 in and out of plane) were unsta-
ble over the imaging time (several hours). Im-
ages were instead taken on either side of this
unstable middle region for the two separate
partial switching events shown in Fig.4.(a).
Fig.4.(b) shows M− corresponding to a Hall
resistance of −1 Ω. As Ip is applied we ob-
serve the formation (c) and growth (d) of large
domains of M+. These domains appear to
grow from the edge of the Hall bar and re-
main pinned at more than one site (e.g. z
= 60 µm x = 24 µm). For the second set of
stable states the majority of M lies in the M+
direction. The large reversed domain seen
in (e) is in a similar position to the domain
seen in (c) and (d) and also appears pinned at
the same site. This domain then shrinks in (f)
and (g) whilst remaining pinned until a full
reversal to M+ is observed in (h).
Reverse domains appear to form first at
the edge of the device, as observed in (b) to
(d) where the domain forms at the edge (x
= 24 µm), and then grows towards the cen-
ter. When reversal is close to completion the
largest portion of the original domain state
appears to be located on the opposite edge of
the device, as seen clearly in (e) around x =
4 µm. This may again be due to the presence
of the Oersted field, with the yˆ component of
this field (By) having peak magnitude but op-
posite polarity at the long edges of the device.
Figure 4. (a) Hall resistance values between the
contact pads shown in Fig.1.(d) for the magnetic
domain state images shown in (b) to (h). Darker
background in (a) indicates pulse on, lighter back-
ground indicates test current on.
D. Modelling the Oersted field
Many studies of similar structures do not
discuss the presence of Oersted fields. Some
studies17,18 do calculate the in-plane compo-
nent of the Oersted field (Bx) and conclude
that it does not have any significant effect
upon the switching since Bx is about 1 order
of magnitude smaller than the effective fields
generated by spin-torques (ref 17 calculates
0.3 Oe/mA for a 20 µm wide bar) and this
6field often acts to oppose the spin-torques19.
We demonstrate in the model shown in
Fig.5 that whilst Bx is indeed small By can be-
come comparable to the 10 Oe coercive field
shown in Fig.1 and so may have a significant
effect on the switching process, at least in the
absence of an external field applied to the
structure.
The Hall bar cross section (20 µm x 4 nm
Ta and 1 nm CoFeB) was modelled by filling
it with wires of radius r as shown in Fig.5.(a).
The space in and around the bar was broken
into a grid and the field calculated at each
point from the Biot-Savart law
A uniform current density was assumed in
each layer. The current density in each layer
was calculated assuming 23 I in the Ta layer
and 13 I in the CoFeB (as discussed in the pre-
vious section), and the current in an individ-
ual wire was adjusted to take account of the
packing fraction. The current was assumed
to flow perpendicular to the cross sectional
plane, shown in Fig.5.(a) in the zˆ direction.
Each layer was assumed to have a thickness
equivalent to 5 wire diameters (rCoFeB = 1/10
nm and rTa = 4/10 nm) in order to optimise
computation time. Further increase in the
number of wires contained within the layer
made negligible difference to the calculated
field.
In Fig.5 the xˆ direction has again been de-
fined along the width of the Hall bar (20
µm) while yˆ lies perpendicular to the plane.
Fig.5.(b) shows By and Bx along a line through
the center of the CoFeB layer at y = 4.5 nm
for Ip = 10 mA. The field profile is as ex-
pected for a current carrying strip20 and Bx is
in good agreement with fields calculated in
ref.17. We observe a sharp peak in By with
height of about ±10 Oe close to the edges of
the bar. These fields are comparable to the 10
Oe out of plane coercive fields observed for
this device in Fig.1. The magnitude of the Oer-
sted field varies little through the thickness
of the CoFeB layer as shown at the field peak
around (x = 10 µm), in Fig.5.(c). These results
in conjunction with Fig.4 may explain the do-
main behaviour at the edges of the device.
On one edge By aids the reversal of domains
whilst on the opposite edge it opposes it. This
effect may be lessened as Ip and hence By are
Figure 5. Geometry (a) for calculation of Oersted
fields in Ta/CoFeB layers modelled as an array
of wire elements. (b) shows how the in (Bx) and
out-of-plane (By) components of the Oersted field
vary across the width of the Hall bar along a line
through the center of the CoFeB layer. (c) shows
the variation of these fields across the thickness of
the layers at the edge of the Hall bar where the out
of plane field has maximum value. (d) shows how
the out of plane field varies with current along a
line through the center of the CoFeB layer close to
the edge of the Hall bar.
reduced as shown in Fig.5.(d). Even for Ip = 5
mA the Oersted field is still about 50% of the
coercive field, and so is still likely to influence
the switching process.
With recent interest in resolving the contri-
butions of several mechanisms to the switch-
ing of similar devices, this result shows that
Oersted fields may not always be discounted
when interpreting the relative contribution of
each switching mechanism, and also that care
must be taken when designing devices of this
type. A simple method of minimising By, so
as to explore only the spin-torque contribu-
tions to the switching, is therefore to perform
a post deposition etch to remove CoFeB at the
edges of the Hall bar, leaving only the Ta un-
7derlayer. In the majority of recent studies the
HM underlayer has been thicker than the FM
layer and so carries the majority of current,
meaning that perpendicular Oersted fields in
the FM would be effectively minimised by this
approach. Another approach to studying the
spin transfer torque is to apply an in-plane
external magnetic field to the structure, so
that switching occurs via coherent rotation12
of magnetization rather than by domain nu-
cleation and growth.
IV. SUMMARY
Current induced switching in perpendicu-
larly magnetised Ta/CoFeB/MgO layers was
studied by simultaneous Kerr microscopy and
electrical transport measurements, focusing
on currents close to the critical value for
switching. For zero applied magnetic field
we find the switching to be a stochastic do-
main wall driven process, the speed of which
is strongly dependent upon the value of the
applied current. The nucleation of reverse
domains appears to begin at one edge of the
device, before these domains then grow to-
wards the center of the Hall bar. Modelling
the Oersted field through the cross section
of the Hall bar reveals that the out of plane
component is comparable to the 10 Oe out-of-
plane coercive field of the CoFeB, suggesting
that the Oersted field may assist the initial do-
main nucleation on one edge of the Hall bar
while opposing reversal on the other edge.
With recent interest in utilising
Ta/CoFeB/MgO layers in perpendicu-
lar magnetic tunnel junctions this study
highlights the need for careful consideration
of the Oersted field when analysing potential
contributions to the switching process. Min-
imisation of the Oersted field contribution,
to facilitate study of spin-torques, can be
achieved by etching the CoFeB layer at
the edge of the device, although it may be
possible to also utilise these fields to improve
switching efficiency in future technologies.
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